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Heterostructures of superconducting (S) and ferromagnetic (F) materials are of 
fundamental interest because of the mutual interaction of  antagonistic kinds of 
ordering at the S/F interface1-4. Normally, the superconducting transition temperature Tc 
should be strongly suppressed at the S/F interface owing to the penetration of Cooper 
pairs into the ferromagnetic side. Nevertheless, constructive interactions between S and 
F orders have been suggested to occur via the modification of ferromagnetic order by 
the superconducting state. This may induce an inhomogeneous magnetic state, often 
called a cryptoferromagnetic state5-7, and the relevant domain wall effect, which will 
lead to a local decrease of the pair-breaking parameter1. However, the domain wall 
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effect, even if it exists, is quite subtle from the experimental view point and is normally 
difficult to observe1,2. Here we show that the defect-related “d0 ferromagnetism” in 
MgO and the superconductivity in MgB2 do not antagonize, but rather enhance the 
superconducting transition temperature Tc to any significant degree. We found in 
superconducting MgB2-d0 ferromagnetic MgO composites that the superconducting 
transition proceeds in two steps: the first at the S/F interface, between 110-120 K, then 
in the rest of the bulk at 39 K, which is the Tc of single phase MgB2 superconductor8. 
Moreover, the additional transition emerges at ~60 K at the S/F interface especially in 
the ferromagnetic side, showing a spin-glass-like magnetic state. Our findings reveal 
that the proximity effect in the superconductor/d0 ferromagnet heterostructures will 
provide the knowledge and basis to enhance the Tc value of the existing 
superconductors.  
 
Recently, ferromagnetism in closed shell oxides containing virtually no magnetic 
ions with open d or f shells has attracted great attention and has been the subject of a 
number of theoretical and experimental investigations in the field of condensed matter 
physics9-12. Among other materials, nanometer-sized wide-gap oxides such as HfO2, 
TiO2, ZnO, MgO have been the most widely studied class of d0 magnets9,13,14. Some 
surface and/or grain-boundary related defects in nanostructures are believed to be 
responsible for d0 ferromagnetism15-18; however, the true physical origin of long-range 
magnetic order in these d0 materials remains to be clarified. 
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Although d0 ferromagnetism is still puzzling, this newly recognized ferromagnetism 
will provide an interesting experimental platform for studying 
superconductor/ferromagnet (S/F) proximity effects. Anderson and Suhl5 suggested long 
ago that a weak ferromagnetism should not destroy the superconducting state; rather, 
superconductivity could survive in a ferromagnetic background provided that the 
magnetic direction is varied on a scale smaller than the superconducting coherence 
length, resulting in an inhomogeneous domain-like structure called the 
cryptoferromagnetic state. Thus, the inherently weak and surface-derived nature of d0 
ferromagnetism is well suited for the study of the possible occurrence of a 
cryptoferromagnetic state and the related domain wall effect. Previously, a variety of 
S/F heterostructures have been used to investigate an interplay between S and F order 
parameters1,2,19-22. However, the design and fabrication of S/F heterostructures are quite 
challenging because the magnetic moments in the conventional ferromagnetic materials 
are usually quite strong and can easy destroy the superconducting state1,7.  
In this work, we hence investigate the magnetic properties of MgB2/MgO 
composite, in which MgB2 and MgO phases are responsible for superconductivity and 
d0 ferromagnetism, respectively. Previously, it has been demonstrated that in 
MgB2/MgO composites the pinning force is much improved by additional core pinning 
of the non-superconducting MgO particles23. In previous publications23,24, however, the 
MgO particles behave simply as diamagnetic insulators, and no ferromagnetic behavior 
has been reported and considered yet. 
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The superconductor/d0 ferromagnet composite was synthesized using solid phase 
reaction between Mg and B2O3 (for details, see the Methods section). Figure 1 shows a 
representative X-ray diffraction (XRD) pattern, a scanning electron microscope (SEM) 
image, and energy dispersive X-ray spectroscopy (EDS) element mapping data for the 
sample prepared at 700 °C under Ar atmosphere. From the θ−2θ XRD pattern it can be 
inferred that the resulting composite consists of Mg, MgO, and MgB2. The B:O:Mg 
atomic ratio was estimated to be ~1:~3:~6 from the EDS analysis, implying that the 
molar ratio of Mg, MgB2 and MgO in the composite is ~5:~1:~6. From the full-width at 
half-maximum of the MgO (220) peak at an angle of 2θ=~62° and the Scherrer formula, 
we estimated that the particle size of MgO is in the range 17±3 nm. The SEM image 
(Fig. 1b) and the corresponding EDS element mapping data (Fig. 1 c,d,e) demonstrate 
that the constituent crystalline materials are not phase separated at least on the length 
scale of several micrometers but rather form a textured homogeneous composite. It 
should also be noted that the present composite contains a substantial amount of 
unreacted Mg metal. When the reaction temperature was raised to ~950 °C, we found 
that the XRD peaks ascribed to Mg were not observed, indicating that the product 
consists mostly of MgB2 and MgO. However, the particle size of the resulting MgO 
crystal becomes large (~40 nm), and the product hardly shows ferromagnetic behavior. 
Thus, the reaction temperature should be kept as low as possible (~700 °C) to obtain the 
composites containing ferromagnetic (or highly defective) MgO nanocrystals. 
Figure 2a shows the magnetization (M) versus magnetic field (H) curves of the 
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composite measured at 300 and 40 K, demonstrating a ferromagnetic hysteretic behavior. 
The hysteresis becomes larger with decreasing temperature and eventually shows a 
superposition of ferromagnetic and superconducting hysteresis loops at temperatures 
below ~37 K (see Fig. 2b). The superconducting transition can also be recognized in the 
zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves measured at 50 
Oe (see Fig. 2c). The ZFC/FC curves exhibits a sudden drop in M at 39 K (see the inset 
of Fig. 2c) and become negative at lower temperatures (T<~38 K). This observed 
signature of the diamagnetic response indicates that the superconducting transition of 
the MgB2 phase in the composite occurs at 39 K, which is equal to the one reported for 
a pure MgB2 crystal8, irrespective of the presence of the ferromagnetic phase. The 
superconducting transition at 39 K was also recognized in the temperature dependent 
resistance measurement (see Fig. 3). It should be noted, however, that the 
superconducting transition width is rather broad as compared with that of the pure 
material. Note also that resistance does not become completely zero even at a 
temperature of 4 K because, probably, of the abundance of the nonsuperconducting Mg 
and MgO phases in the composite.  
In addition to the superconducting transition at 39 K, one can also notices two 
characteristic features at ~60 K and ~120 K in the ZFC magnetization curve (see the 
inset of Fig. 2c), suggesting the existence of the transition of the magnetic state around 
these temperatures. As mentioned earlier, however, all the M(H) curves measured in the 
40-300 K region apparently exhibit ferromagnetic-like hysteresis loops. To highlight the 
6 
 
possible change in the magnetic state with temperature we took a difference between the 
M(H) loops measured at different temperatures (see Fig. 4). 
As shown in Fig. 4a, the magnetization difference M(H, 125 K) − M(H, 300 K) still 
exhibits a ferromagnetic-like hysteresis loop, indicating that the magnetic state of the 
composite is basically ferromagnetic in the 125-300 K region. For temperatures T below 
~120 K, however, the difference M(H, T) − M(H, 125 K) tends to reveal a hysteresis 
loop characteristic of superconducting materials with weak bulk pinning25,26 (see Fig. 
4b); that is, the magnetic hysteresis loop shows a peculiar asymmetry with a 
strongly-curved ascending branch and a rather flat descending branch with M ≈ 0. The 
minimum (maximum) in the loops shifts to higher fields with decreasing temperature, 
which is also a typical feature of superconductors where surface barriers dominate the 
hysteresis26. It is hence most probable that the observed drop in M at ~120 K in the ZFC 
curve (see the inset of Fig. 2c) represents the additional superconducting transition 
phenomenon occurring in the present S/F composite. The resistance measurement also 
supports the presence of the superconducting transition at ~120 K. As shown in Fig. 3, 
the resistance exhibits a perfectly linear temperature dependence in the 130-300 K 
region, which has indeed been reported for pure Mg and MgB2 samples with 
considerable amounts of unreacted Mg27. At temperatures below ~120 K, however, the 
resistance begins to exhibit a slight but appreciable negative deviation from the linear 
dependence, in harmony with the predicted appearance of the superconducting state in 
this temperature region. 
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The difference M(H, T) − M(H, 125 K) curves further show an intriguing behavior 
at T of ~60 K (see Fig. 4c). One sees from Fig. 4c that the magnetic hysteresis includes 
a substantial paramagnetic contribution at 60 K. It is also interesting to note that the 
magnetization curve of the initial state lies below the remagnetizing branch of the cycle. 
At temperatures below ~50 K, such an anomaly in the initial magnetization curve was 
not seen (see Fig. 4c). Previously, similar unusual magnetic hysteresis behaviors have 
been reported for spin glass systems28, in which spin glass order and ferromagnetism 
and antiferromagnetism compete, and have been attributed to irreversible domain wall 
motion29. Thus, we suggest that the sharp peak at ~60 K seen in the ZFC curve along 
with the corresponding increase in M in the FC curve with decreasing temperature is 
indicative of the existence of a spin-glass-like transition, which most likely results from 
a rearrangement of ferromagnetic domain caused by superconducting order.  
When the sample is cooled further below 39 K, the difference M(H, T) − M(H, 125 
K) curves show the hysteresis loops typical to single phase MgB2 powders26 (see Fig. 
4d). It should be reminded that the ferromagnetic order coexists with the 
superconducting order well below 39 K, indicating that some of the ferromagnetic 
regions remain to be influenced by the superconducting order. 
Thus, we have demonstrated that the ferromagnetic order occurring in the present 
composite exhibits a constructive interaction with the superconducting order, probably 
by forming domain walls at the S/F interface. According to the previous theoretical 
estimation1, the critical temperature Tcw for the superconductivity localized near the 
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domain wall has been given by  
 
  2( )cw c
c
T T
T w
ξ−
  
 
where Tc is the transition temperature in the absence of proximity effect, ξ is the 
superconducting coherence length, and w is the width of the domain walls. The reported 
values of ξab and ξc for single crystal MgB2 are ~6 and ~3 nm, respectively30. Using the 
above relationship for Tcw=120 K, we can estimate that the width of the domain wall 
would be ~2−~4 nm. Recently, we18 have shown from density functional theory 
calculations that such nanometer-sized magnetic domains are possible to occur at the 
surface of MgO microcrystals provided that Mg vacancies are present at their surface. 
Thus, we consider that the extremely high critical temperature of ~120 K obtained in 
this work is not far from realistic but rather indicates that the proximity effects in 
superconductor/d0 ferromagnet composites provide a simple but unprecedented step for 
enhancing the superconducting transition temperature using the existing 
superconducting materials.  
  
 
METHODS 
Superconductor/d0-ferromagnet composites were prepared by solid phase reaction 
between pure Mg (99.9%) and B2O3 (99.9%). The Mg/B2O3 mixture of molar ratio of 
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5:1 was thoroughly mixed and put in a cylindrical alumina crucible. This crucible was 
located inside a larger rectangular alumina crucible, which was closed with a 
4-mm-thick alumina lid. This set of crucibles was placed in an electric furnace. The 
furnace was evacuated down to ~30 Pa before purging with argon. The temperature of 
the furnace was raised to 700 °C at a rate of ~10 °C/min and kept constant at 700 °C for 
3 h under flowing argon environment. After the heating process, we then collected the 
black powder found in the bottom of the inner crucible.  
Powder x-ray diffraction (XRD) patterns of the sample were obtained with a 
diffractometer (Rigaku, SmartLab) using Cu Kα radiation. Scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were conducted 
with a scanning electron microscope (JEOL, JSM-5610LVS) with energy dispersive 
spectrometer. A commercial superconducting quantum interference device (SQUID) 
magnetometer (Quantum Design, MPMS-XL) equipped with the reciprocating sample 
option (RSO) was used for magnetic measurements. All the magnetic data shown in this 
work have not been corrected for the diamagnetic background. The resistance of the 
composite as a function of temperature was measured from 4 to 300 K by the standard 
four-probe method in a closed-cycle He refrigeration system.  
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Figure 1. Structural and compositional properties of a composite powder. a, X-ray 
diffraction pattern of the sample obtained by heating a 5:1 mixture of the Mg and B2O3 
powders under Ar atmosphere at 700 ºC. The Bragg peaks of the Mg, MgB2 and MgO 
phases are identified. b, A representative SEM image of the composite sample. c-e, 
SEM-EDS element mapping data of B (c), O (d) and Mg (e) elements throughout the 
region shown in (b). 
 
15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Temperature (T) and magnetic-field (H) dependence of magnetization 
(M) of the MgB2/MgO/Mg composite. a,b, Hysteresis M(H) curves of the composite 
powder measured at temperatures T= 40 and 300 K (a), T=35, 36 and 37 K (b). c, 
Zero-field-cooled (ZFC) and field-cooled (FC) M(T) curves measured under applied 
field of 50 Oe in the temperature region from 4 to 300 K. The inset shows a magnified 
plot of the ZFC and FC M(T) curves in temperature region from 38.5 to 300 K 
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Figure 3. Temperature (T) dependence of resistance (R) in the temperature region 
from 4 to 300 K. The solid blue line shows a linear fit to the data in the temperature 
region above 60 K. The inset shows a magnified plot in the 38−160 K temperature 
range. 
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Figure 4. Difference M(H) curves for the composite sample. These curves are 
obtained by subtraction of the magnetization measured at a higher temperature from that 
measured at a lower temperature designated. a, M(H, 125 K) − M(H, 300 K) . b, M(H, 
T) − M(H, 125 K) for T=90, 100, and 110 K. c, M(H, T) − M(H, 125 K) for T=40, and 
60 K. d, M(H, T) − M(H, 125 K) for T=35, 36, 37, and 40 K. 
 
 
